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ABSTRACT: A growing dependence on natural gas for energy may
exacerbate emissions of the greenhouse gas methane (CH4). Identifying
ﬁngerprints of these emissions is critical to our understanding of potential
impacts. Here, we compare stable isotopic and alkane ratio tracers of natural
gas, agricultural, and urban CH4 sources in the Barnett Shale hydraulic
fracturing region near Fort Worth, Texas. Thermogenic and biogenic sources
were compositionally distinct, and emissions from oil wells were enriched in
alkanes and isotopically depleted relative to natural gas wells. Emissions from
natural gas production varied in δ13C and alkane ratio composition, with δD-
CH4 representing the most consistent tracer of natural gas sources. We
integrated our data into a bottom-up inventory of CH4 for the region, resulting
in an inventory of ethane (C2H6) sources for comparison to top-down
estimates of CH4 and C2H6 emissions. Methane emissions in the Barnett are a
complex mixture of urban, agricultural, and fossil fuel sources, which makes
source apportionment challenging. For example, spatial heterogeneity in gas composition and high C2H6/CH4 ratios in emissions
from conventional oil production add uncertainty to top-down models of source apportionment. Future top-down studies may
beneﬁt from the addition of δD-CH4 to distinguish thermogenic and biogenic sources.
■ INTRODUCTION
Methane (CH4) is a greenhouse gas with a global warming
potential 34 to 86 times greater than carbon dioxide (CO2) on
time scales of 100 and 20 years, respectively.1 Production,
processing, transmission, and distribution of natural gas, which
is comprised primarily of CH4, are, along with agriculture and
landﬁlls, among the largest anthropogenic sources of CH4
globally,2−4 nationally,5,6 and regionally.7,8 Natural gas
combustion produces less CO2 per unit of energy than coal
or petroleum products; it has abundant domestic reserves, and
its combustion releases less sulfur, nitrogen, and mercury than
coal.9,10 However, among other potential negative impacts, a
larger reliance on natural gas for electricity generation and
transportation may increase CH4 emissions, potentially over-
whelming the climate beneﬁt of natural gas.9,11 Measurements
of fugitive emissions of CH4 from along the natural gas supply
chain are a critical ﬁrst step in minimizing this problem.12−14
Because of the large number of anthropogenic and natural
sources of CH4, it can be diﬃcult to assess the relative
contribution of natural gas sources to CH4 emissions.
Uncertainties in activity factors and emissions factors can lead
to underestimation of CH4 emission rates using bottom-up
approaches regionally,15,16 nationally,17 and globally.11 Charac-
terization of stable isotopic7,18 and alkane ratio19,20 source
signatures can help constrain CH4 emissions from oil and gas
sources,21 particularly in conjunction with top-down measure-
ments of regional emission rates.22−24
Here, we present measurements of δ13C, δD, and C2−C5
alkane ratios for CH4 sources in the Barnett Shale natural gas
producing region in northeast Texas. This region has tens of
thousands of hydraulically fractured shale gas wells that can be
sources of atmospheric CH4.
25 Produced gas (78−97% CH4) is
transported by a system of pipelines and gathering compressor
stations to processing plants, which remove heavier hydro-
carbons to create pipeline quality gas (∼95% CH4). This gas is
transported through transmission pipelines and compressor
stations to end users, including local industrial, commercial, and
residential consumers. Older conventional oil wells in the
region can also contribute CH4 to the atmosphere.
21 Finally,
the Fort Worth−Barnett region is part of the United States’
fourth largest metropolitan area, and there are urban CH4
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sources including landﬁlls, wastewater treatment plants, and
power plants, as well as agricultural CH4 sources including
cattle ranches and feedlots. Our overall goals were (1) to
characterize the isotopic and alkane ratios of CH4 sources in the
Barnett−Fort Worth region and (2) to integrate these data into
a bottom-up CH4 inventory for the region for comparison to
top-down studies.
■ MATERIALS AND METHODS
Sample Collection. Whole air samples (n = 119) were
collected in 2 L stainless steel canisters in October 2013 near
Fort Worth, Texas during the Barnett Coordinated Cam-
paign.26 Most samples were collected downwind of CH4
sources, including cattle feedlots, landﬁlls, natural gas wells,
and conventional oil wells (Figure 1). Five out of 119 samples
were collected directly at gas distribution and compressor
station sources. We took 25 samples of background air upwind
of the region. Location, time, type, and composition of all
samples can be found in the Supporting Information. Prior to
sampling, canisters were heated to 150 °C and then evacuated
to 10−2 Torr.27 Detailed canister preparation procedures have
been described previously.27 Sampling was guided by a Picarro
Instruments G2301 CO2/CH4/H2O analyzer powered by the
vehicle alternator.28 This instrument was used to detect CH4
enhancement only: canisters were not ﬁlled from the
instrument exhaust or inlet. Canisters for source analysis were
ﬁlled where CH4 was elevated by at least 50 ppb, the minimum
enhancement needed to detect isotopic source signatures.7 All
samples were collected at ambient pressure by opening the
canister valve for 60 s above and upwind of the sampling
technician’s head.
Sample Analysis. The whole-air samples were analyzed at
the University of California, Irvine via ﬂame ionization detector
(FID) for concentrations of CH4, ethane (C2H6; or C2),
propane (C3H8; C3), n-butane (n-C4H10; C4), and n-pentane
(n-C5H12; C5).
29 The CH4 precision was 0.1% with an accuracy
of 1%. The detection limit for C2−C5 alkanes was 3 parts per
trillion by volume (pptv). The analytical precision ranged from
1% to 3%, and the accuracy was 5% (% relative standard
deviation). Standards are traceable to NIST and subject to
frequent intercalibration.27
Subsamples of each canister were transferred to evacuated 12
mL glass vials (Exetainers, Labco Ltd., Buckinghamshire, UK)
for analysis of δ13C and δD of CH4 via isotope ratio mass
spectrometry at the University of Cincinnati.30 The instrument
was calibrated with CH4 standards matched to sample
concentrations to eliminate any possible linearity problems.
The reproducibility of δ13C and δD measurements using this
method is 0.2‰ and 4‰, respectively,30 and daily analysis of
multiple replicates of CH4 standards met or exceeded this.
Data Analysis. As gas concentrations for each sample type
varied signiﬁcantly, we used Keeling plots, where the isotopic
ratio is regressed against 1/[CH4] for each sample type and the
y-intercept is the composition of excess CH4 in the data set
(Figures 2 and 3; Table 1).31−33 Concentrations of C2H6,
C3H8, n-C4H10, and n-C5H12 were plotted against the
concentration of CH4 for each source type, such that the
slope gives the average ratio of each alkane to CH4 (Figures 3
and 4; Table 2).19 Isotope and alkane ratios for natural gas
production sites were calculated by correcting for background
air because our samples were taken downwind of production
sites (Tables 3 and 4). For δ13C and δD of CH4 from individual
samples, this correction was done according to ref 7 using the
background air composition described below. For alkane ratios,
we subtracted the background concentration of each alkane
from the concentration measured in each source sample and
then calculated the ratio of each C2−C5 alkane to CH4. Both
Figure 1. Map of sampling locations in the Barnett Shale−Fort Worth
region. ng = natural gas. Dotted lines are the “core” Barnett Shale
counties.
Figure 2. Keeling plots of (a) δ13C-CH4 and (b) δD-CH4 of biological
methane sources sampled in the Barnett Shale region.
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Figure 3. Composition of methane from natural gas sources in the Barnett Shale region. (a) Keeling plot of δ13C-CH4 vs 1/[CH4]; (b) δD-CH4 vs
1/[CH4]; (c) [C2H6] vs [CH4]; (d) [C3H8] vs [CH4]; (e) [n-C4H10] vs [CH4]; and (f) [n-C5H12] vs [CH4].
Table 1. Stable Isotopic Endmembers for CH4 Sources in the Barnett Shale Region
a
δD δ13C
sample type n source endmember (‰) p n source endmember (‰) p
cattle 7 −283 <0.0001 7 −56.3 0.17
landﬁlls 8 −260 0.0001 8 −54.8 0.001
natural gas well pads 35 −152 0.03 34 −46.5 0.14
transmission compressor stations 11 −145 0.0006 12 −45.8 0.05
distribution systems 5 −133 nd 5 −44.6 nd
conventional oil wells 7 −170 0.0001 4 −49.2 nd
aData are derived from Keeling plots shown in Figures 2−4. p could not be determined (nd) for n < 6.
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the ratio plot and background correction techniques result in
alkane ratios by volume, identical to the molar ratio.
■ RESULTS
Background air collected upwind of the region had an average
(±SD) CH4 concentration of 1.95 ± 0.07 ppm, a δ
13C value of
−47.9 ± 0.2 ‰, and a δD of −114 ± 5 ‰. In October 2013,
the average CH4 concentration at Mauna Loa, Hawaii was 1.84
± 0.01 ppm, with a δ13C measured in October 2011 (the most
recent year available) of −47.3‰.34,35 The lower CH4
concentration in Hawaii (19° N) is partly due to its lower
latitude relative to Fort Worth (33° N). The average
concentration of C2H6 in background air near the Barnett
during the campaign was 8.6 ± 3.7 ppb, as compared to 0.3−
0.8 ppb measured in clean air in western California in
September 2012 (D. Blake, personal communication). Back-
ground concentrations of C3, n-C4, and n-C5 alkanes were 5.0 ±
2.5, 1.8 ± 1.0, and 0.6 ± 0.3 ppb, respectively (Supporting
Information).
As expected, biological CH4 sources were depleted in both D
and 13C with respect to thermogenic sources (Table 1, Figure
2).7,36,37 There was no relationship between CH4 emitted from
biological sources and concentration of other alkanes. Back-
ground-corrected values for the average isotopic signature of
CH4 emitted from biological sources (Table 3) are higher than
the Keeling-plot derived endmembers (Table 1), because the
Keeling plot method gives more weight to samples enriched in
CH4 with less contribution of background air to the observed
isotopic signature.
Natural gas wells emitted CH4 with δD and δ
13C signatures
of −152‰ and −46.5‰, respectively (Table 1, Figure 3),
although there was a weak relationship between [CH4] and
δ13C in well pad emissions (Table 1). δ13C-CH4 decreased with
increasing content of C2H6 and C3H8 at natural gas production
sites (Figure 4). Ratios of background corrected C2/C1 in
individual samples collected downwind of natural gas well pads
ranged from 0.3% to 30.7%, and background-corrected δ13C-
CH4 ranged from −41.0‰ to −51.7‰. Other natural gas
sources (compressor stations and local distribution systems)
had similar isotopic and alkane ratio signatures to those
observed at natural gas wells (Table 1, Figure 3). Natural gas
from all sources was 6−7% C2H6 and ∼2% C3H8 (Table 2,
Figure 3). In general, concentrations of C4 and C5 alkanes were
less than 1% of the CH4 concentration (Table 2, Figure 3).
Conventional oil wells emitted CH4 that was depleted in
both 13C and D relative to natural gas (Table 1). Emissions
from conventional oil wells were enriched in C2−C5 relative to
CH4 as compared to natural gas sources (Table 2).
■ DISCUSSION
Tracers of CH4 Emissions from Natural Gas Produc-
tion. In general, for samples taken downwind of natural gas
production sites, there was a poor correlation of δ13C with CH4
concentration (Table 1) and a wide range of ratios of C2−C5
alkanes to CH4 (Figure 3). δ
13C-CH4 decreased with increasing
concentrations of C2 and C3 alkanes at natural gas production
sites in the Barnett region (Figure 4), as observed previously,
due to varying degrees of thermal maturation of shale gas in the
Barnett.38 This high variability in gas composition at
production sites throughout the region complicates the use of
a single source apportionment indicator for attribution of
regional CH4 ﬂuxes to natural gas production.
Our background-corrected C2/C1 data are compared with
previous studies that have found a wide range of gas
composition at natural gas production sites in the Barnett
region, including regions of both wet and dry gas (Table 4,
Figure 5).38,39 Our data have a higher average C2/C1 ratio than
the other two studies, although we have a smaller number of
Figure 4. Relationship of δ13C-CH4 with (a) C2/C1 and with (b) C3/
C1 in samples taken from natural gas well pads, showing more isotopic
depletion with increasing gas wetness.
Table 2. Molar Ratios of C2−C5 Hydrocarbons to CH4 (C1) in Thermogenic CH4 Sources in the Barnett Shale Region, as well
as p Values Derived From Correlations in Figures 3 and 4a
sample type n C2/C1 ratio p C3/C1 p n-C4/C1 p n-C5/C1 p
natural gas well pads 31 0.06 <0.0001 0.02 0.003 0.005 0.01 0.002 0.016
transmission compressor stations 10 0.07 0.006 0.02 0.03 0.003 0.2 0.0007 0.3
distribution systems 4 0.06 nd 0.02 nd 0.005 nd 0.001 nd
conventional oil wells 12 0.13 <0.0001 0.06 0.0003 0.02 0.001 0.006 <0.0001
aBiological CH4 sources are not shown; there was no relationship between alkanes and CH4 in these sources. p could not be determined (nd) for n <
6.
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samples and a broader geographic sampling area. The two
previous studies also made measurements at the well pad, either
from the wellhead38 or from condensate tanks.39 Our samples
were collected downwind of well pads where [CH4] was
elevated by at least 50 ppb and, therefore, may represent a
higher proportion of tank ﬂashing events than previous studies,
which may explain the higher content of non-CH4 hydro-
carbons.
Our previous work applying isotopic measurements to
emissions of CH4 in urban southern California indicated that
δD-CH4 was a better tracer of CH4 sources in top-down
measurements than δ13C-CH4, although we found similar
values for δD and δ13C of CH4 from diﬀerent sources in both
California and Texas.7 In the Barnett region, this also appears
to be the case (Figures 2 and 3), although we do not have top-
down measurements of δD-CH4 in the Barnett. There is a
larger variation in δD-CH4 versus δ
13C-CH4 among diﬀerent
types of CH4, and all of the measured sources have δD-CH4
ratios distinct from background air (δD = −114‰). On the
other hand, some thermogenic CH4 sources in the Barnett have
δ13C ratios (Table 1 and 3) similar to background air (δ13C =
−47.9‰) and thus are hard to distinguish from background
signatures. Importantly, δD can distinguish between CH4
released from shale gas and conventional oil wells (Figure 3),
which may be particularly useful in the Barnett (see further
discussion below). Our work indicates that future top-down
studies attempting to identify CH4 sources may beneﬁt from
the measurement of δD-CH4.
Integrating Source Indicators into a Bottom-up CH4
Inventory.We used the bottom-up inventory developed in the
Barnett Coordinated Campaign,40 which includes a range of
possible estimates for CH4 sources along with our isotopic and
alkane composition data (derived from ratio plots for individual
sources) to compare with the composition of well-mixed air
measured in top-down studies (Table 5). The contribution of
Table 3. Background-Corrected Stable Isotope Ratios and C3/C1, n-C4/C1, and n-C5/C1 Ratios for Various CH4 Sources in the
Barnett Region (See Text)a
sample type mean δ13C-CH4
range
δ13C-
CH4 mean δD-CH4
range
δD-CH4 mean C3/C1
range
C3/C1
mean n-C4/
C1
range n-
C4/C1 mean n-C5/C1
range n-
C5/C1
cattle −52.1 ± 6.0 −58.1 to
−42.3
−224 ± 57 −268 to
−118
− − − − − −
landﬁlls −51.3 ± 3.3 −56.1 to
−47.2
−205 ± 44 −269 to
−147
− − − − − −
natural gas well
pads
−46.6 ± 4.1 −56.2 to
−41.2
−150 ± 29 −232 to
−89
4.97 ± 7.49 −0.05 to
34.52
1.49 ± 2.82 −0.03 to
14.51
0.64 ± 1.23 −0.02
to
6.45
transmission
compressor
stations
−46.7 ± 2.6 −52.4 to
−43.4
−151 ± 12 −172 to
−131
6.03 ± 13.59 0.11 to
44.25
3.74 to 10.43 0.00 to
33.38
1.34 ± 3.79 0.00 to
12.10
distribution
systems
−46.9 ± 5.9 −55.5 to
−42.2
−138 ± 23 −172 to
−119
0.63 ± 0.71 0.05 to
1.57
0.16 ± 0.23 −0.02 to
0.48
−0.01 ± 0.15 −0.01
to
0.15
conventional oil
wells
−48.4 ± 3.8 −53.1 to
−44.2
−177 ± 19 −208 to
−161
9.76 ± 4.56 2.13 to
19.66
3.38 ± 2.10 0.64 to
8.71
1.23 ± 0.83 0.29 to
3.30
aMean is ± standard deviation (SD). C2/C1 ratios are shown in Table 4. − = not applicable.
Table 4. Background Corrected Data from Natural Gas Production Sites from the Current Study and Two Previous Studies
n
min C2/C1
(% by vol)
max C2/C1
(% by vol)
median C2/C1
(% by vol)
mean C2/C1
(% by vol)
standard deviation C2/C1
(% by vol)
this study 30 0.3 30.7 7.5 8.3 7.1
ERG39 102 1.0 13.4 2.1 5.0 4.3
Zumberge et al.38 129 0.7 13.1 2.1 4.5 1.2
Figure 5. Map of (a) % ethane and (b) % propane in natural gas and
oil wells in the Barnett region. Dotted lines are the “core” Barnett
Shale counties.
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each CH4 source to total emissions was multiplied by each
alkane or isotopic ratio endmember. We also used literature
values for the isotopic composition of CH4 emitted from
wastewater treatment plants and gasoline-powered vehicles, not
measured in the current study.7 Geological seepage and
abandoned wells were not measured, so we assumed the
same composition as active natural gas wells.41,42 We also
assumed that natural gas at gathering and processing plants was
identical to wellhead gas, while storage facilities had the same
composition as transmission compressor stations (Table 5).
Natural gas vehicles were assumed to emit CH4 with the same
composition as distribution gas.
Integrating the bottom-up inventory with our source
apportionment data provides an overall isotopic and alkane
ratio for emissions from the Barnett Shale/Fort Worth region
(Table 5). We also used the C2/C1 ratio from the bottom-up
inventory to calculate a ﬂux of C2H6 from the region (overall
C2/C1 multiplied by the CH4 emission for each scenario:
median, low end, and high end) of 5.7 × 103 kg C2H6 h
−1 (5.3−
6.2 × 103 kg C2H6 h
−1) (Supporting Information). This is in
good agreement with top-down measurements of C2H6
emissions in the region made during the Barnett Coordinated
Campaign (6.6 ± 0.2 × 103 kg C2H6 h
−1).43
For further comparison, we also substituted our background-
corrected average C2/C1 ratio (Table 4) into the bottom-up
inventory, along with values of C2/C1 from previous studies
(Table S1, Supporting Information).38,39 Use of our back-
ground-corrected (rather than ratio plot-derived) C2/C1 ratio
yields a ﬂux of C2H6 of 7.6 × 10
3 kg h−1, with low and high end
estimates of 7.1 × 103 and 8.3 × 103 kg h−1. The two previous
studies both found an average C2/C1 ratio from natural gas
production that was lower than our average value (Table 4) and
therefore lead to average C2H6 ﬂuxes that are lower than our
estimates. Using data from refs 28 and 29 for natural gas
production sites yield a C2H6 ﬂux of 4.4 × 10
3 kg C2H6 h
−1
(4.2−4.8 × 103 kg C2H6 h−1) and 4.9 × 103 kg C2H6 h−1 (4.6−
5.3 × 103 kg C2H6 h
−1), respectively. While these ﬂuxes are
similar to that measured in the Barnett top-down study,43 the
bottom-up inventory estimates a smaller contribution of oil and
gas to total CH4 emissions (52−78%) than the top-down study
(71−85%).40,43 The wide range of gas composition and δ13C-
CH4 observed in the Barnett region is problematic for top-
down source apportionment using a simple mixing model,
although utilizing the full range of C2/C1 values in top-down
approaches can be successful.43 Emissions from production
sites are spatially and temporally heterogeneous,25 and our
work shows that they may be compositionally heterogeneous as
well (Figure 5a,b). δD-CH4 may be more useful for simple
mixing models in top-down source apportionment, particularly
since δD may distinguish between various fossil fuel CH4
sources (Figures 2 and 3).
We observed emissions from conventional oil wells that were
enriched in C2/C1 relative to natural gas sources (13% versus
6%) (Tables 2−4; Figure 5a). One potential pitfall of using C2/
C1 as the sole source indicator for top-down studies is that
observations of elevated C2/C1 in oil production regions could
lead to overestimation of oil and gas emissions if C2/C1 values
used for source apportionment are based primarily on natural
gas wells. Although the bottom-up inventory (Table 5) is in
general agreement with the top-down C2H6 ﬂux presented in
ref 43, the lower average C2/C1 used in ref 43 may explain the
generally higher proportion of total CH4 emissions attributed
to oil and gas activities by the top-down study43 versus the
bottom-up inventory40. The estimate of oil well CH4 emissions
in ref 40 is less than 3% of total emissions, suggesting that oil
well emissions have a minor impact on source apportionment,
but these estimates are highly uncertain since underlying data
were based primarily on ﬂuxes measured from natural gas wells
(96% of ﬂux measurements).44−47 Future source apportion-
ment eﬀorts in the Barnett region may beneﬁt from a spatially
explicit inventory of CH4 and C2H6 that includes emissions
from oil wells.
Comparison to Other Regions. Our work and other
research conducted as part of the Barnett Coordinated
Campaign indicates that the Fort Worth−Barnett shale region
(part of the United States’ fourth largest metropolitan area) has
a larger proportion of biological CH4 emissions than other
cities, despite the large amount of natural gas production in this
region. Observations of δ13C, δD, and alkane ratios in Los
Angeles, CA showed that the dominant CH4 source was likely
fugitive emissions of thermogenic CH4, perhaps from natural
gas infrastructure,7,19,20 whereas the bottom-up inventory
suggests a mixture of biological and thermogenic CH4 sources
in the Barnett region (Table 5).40 In Boston, natural gas
infrastructure is the dominant CH4 source.
8 Denver, home to a
large oil and gas production industry, has 22−24% of CH4 from
Table 5. Bottom-up Inventory of CH4 Sources in the Barnett
Shale Region (Lyon et al.40) and Source Signatures for Each
Source (Tables 1 and 2)a
CH4 ﬂux
(kg CH4/
h)
δ13C-
CH4
(‰)
δD-
CH4
(‰)
C2H6/
CH4
(%)
C3H8/
CH4
(%)
active gas well pads 16 400 −45.4 −148 6.0 2.0
active oil well pads 1800 −49.2 −170 13.0 6.0
inactive wells 630 −45.4 −148 6.0 2.0
well completions 150 −45.4 −148 6.0 2.0
gathering
compressors
18 700 −45.4 −148 6.0 2.0
gathering pipelines 940 −45.4 −148 6.0 2.0
processing plants 5500 −45.4 −148 6.0 2.0
transmission and
storage
compressors
1600 −45.8 −145 7.0 3.0
transmission
pipelines
230 −45.8 −145 7.0 3.0
residential and
commercial end
users
160 −44.6 −133 6.0 2.0
local distribution 680 −44.6 −133 6.0 2.0
natural gas vehicles 14 −44.6 −133 6.0 2.0
other industrial
sources
60 −45.4 −148 6.0 2.0
vehicles (gas and
diesel)10
150 −30.3 −122 0.0 0.0
landﬁlls 11 300 −54.8 −260 0.0 0.0
livestock 11 900 −56.3 −283 0.0 0.0
wastewater
treatment10
760 −46.7 −298 0.0 0.0
geological seepage 1100 −45.4 −148 6.0 0.3
total emissions 72 300 −48.9 −190 4.2 1.4
aLower-bound and upper-bound estimates are also included in the text
and Table S1 of the Supporting Information. More detailed
calculations, including bottom-up ﬂuxes of C2H6, are shown in
Table S1, Supporting Information. Ratios of n-butane and n-pentane
to methane were not included due to generally low statistical
signiﬁcance for these ratios for most sources (Table 2).
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nonoil and gas sources, mainly cattle and waste industries,24
compared to 33% in the Barnett. Other large urban areas,
including Beijing,48 London,18,49,50 and St. Petersburg,51 have a
mixture of biological and fossil fuel CH4 sources similar to the
Fort Worth region. Unlike these cities, which lack oil and gas
production, the contribution of natural gas distribution systems
to CH4 emissions in Fort Worth is small (∼1%) (Table 5).
Overall, our work indicates that the Barnett region represents a
complex mixture of urban, agricultural, and fossil fuel CH4
sources, with challenging implications for source apportion-
ment of CH4 emissions.
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